Introduction
Optical waveguide polarizers is one of the critical component in Photonics Integrated Circuits (PIC), with applications such as chipbased gyroscope, coherent optical communication, optical signal processing and sensor applications that have attracted great attention among integrated photonics research community [1] . The advantage of PIC lies on the flexibility of using wide variety of optical materials [2] , and easy components integration [3] . In waveguide polarizers, only one polarization state -either transverse electric (TE) or the transverse magnetic (TM) can be transmitted, while the other polarization state is eliminated. Elimination of the other polarization state can be performed by the waveguide absorption or it can be rejected by the waveguide channel. In polarization devices, the extinction ratio is the most important factor, in which a higher extinction ratio represents better designed device with higher performance. This factor can be defined as the ratio of transmitted powers between the desired and undesired polarization states [4] . Therefore, a good waveguide polarizer has a high polarization extinction ratio as well as low insertion loss. For the lowest order TE and TM modes, the cut off states are very close to each other, therefore, designing a high-performance polarizer could be challenging. Design of a waveguide polarizer can be performed by using many approaches as have been reported in many publications [5] [6] [7] . The most common approach to produce an optical waveguide polarizer is to use plasmonic mode to suppress one of the polarization states in metal-clad waveguides [8, 9] . High extinction ratio was reported between the polarized modes (orthogonal to each other) and indicates that it is possible to be realized. However, waveguide polarizer with metal-clad exhibits high propagation losses and requires complex structures to extend its operation wavelength range. There are also reports on other types of waveguide polarizer such as birefringence polymer waveguide [10, 11] , lithium niobite (LiNbO 3 ) waveguide [12, 13] and long-period waveguide grating polarizer [14, 15] . However, these approaches are again limited by the narrow operating wavelength band and that the LiNbO 3 waveguides requires active control.
An ideal waveguide polarizer requires a broadband wavelength response with high polarization extinction ratio and low insertion loss. In recent years, graphene, which is a two-dimensional flat monolayer of carbon atoms, has attracted a great level of research interest in both photonics and electronic applications due to its exceptional optical properties [16] [17] [18] [19] [20] . Recently reported graphene-based waveguide polarizer includes Bao et. al [21] , which demonstrated the coupling and polarization of optical waves by using graphene layer coated on Dshaped fibre, and Pei et. al [22] on a graphene-based polarizer using a https://doi.org/10.1016/j.rinp.2018.11.034 Received 20 July 2018; Received in revised form 8 November 2018; Accepted 12 November 2018 graphene/glass hybrid waveguide. Using graphene as polarizer has also been reported on plasmonic [23] and polymer based waveguides [24] . Lim et al. [4] shows a graphene oxide (GO) based broadband waveguide polarizer with high extinction ratio and response extending from 650 nm to 1650 nm using drop-casting method on GO-coated polymer waveguide. Recent research interests are on transition metal chalcogenides (TMD) based on optical materials such as molybdenum selenide (MoSe 2 ). A chalcogenide is a chemical mixture of one chalcogen ion and an electropositive element. Several reports presented MoSe 2 as a promising material for thermoelectric, photodetector and pulse-laser [25] [26] [27] applications, due to its remarkable optoelectronic properties such as high optical nonlinearity, strong photoluminescence and ultrafast dynamic carriers for mono and few-layers form [28, 29] . To extend the application of MoSe 2 in photonics, this paper investigates the polymer-based waveguide polarizer coated with MoSe 2 using a dropcasting method. A TM-pass waveguide polarizer with maximum extinction ratio of 14 dB) was recorded at 1480 nm wavelength region. Our work here demonstrates the polarization nature of MoSe 2 operating on SU-8 based polymer waveguide which are used widely in many sensing applications [30] [31] [32] [33] .
MoSe 2 fabrications and characterizations
The indirect bandgap of MoSe 2 in its bulk-form has a value of 1.1 eV. A direct band gap of 1.5 eV can be obtained by exfoliating MoSe 2 into a few layers. This is highly essential to perform the exfoliation of few-layer MoSe 2 from the bulk. Many methods have been adopted to exfoliate the TMDs, which details can be found in [34] . The most cost-effective solution-based approach is Liquid Phase Exfoliation [35] . This method is suitable for large-scale production, where a post chemical treatment is not required. In the present work, a 5 mg/ml initial concentration of N-methyl-2-Pyrrolidine (NMP) was added to the bulk MoSe 2 powder. Using a high-power ultasonicator, the mixture of NMP and bulk powder was ultrasonicated for approximately 8 h. After the treatment, the solution was then centrifuged for 1 h at 3000 rpm. For further characterization and analysis, the top 2/3 supernatant solutions were pipetted out. This portion was then diluted by up to 10 vol % and the linear absorption was recorded using the SPECORD 210-Plus UV-Vis Spectrophotometer. The result is depicted in Fig. 1 , where two peaks were recorded, one at ∼697 nm and another one at ∼800 nm. This result is in agreement with previous reports [36, 37] . These two peaks also agree with the K point transition of interband excitonic, signifying a 2H poly type pristine material.
Firstly, utilizing the few-layer MoSe2 possesses a nearly degenerate indirect and direct bandgap, therefore this material would be more suitable for external modulation of bandgap and optical properties, secondly, because the electronic transition from an indirect bandgap to an direct bandgap occurs if we utilize the MoSe2 from bulk to monolayers, thus the optoelectronics properties differ for MoSe2 with different layers, which means that the MoSe2 material can be considered as optoelectronic properties layer dependent as we can benefit this to have a better control of the material polarization by changing the MoSe2 layers from multilayers to monolayers [38, 39] . The optoelectronic properties of the MoSe2 is layer-dependent, since a transition from an indirect to direct bandgap can be found when moving from bulk to monolayer forma at visible/near-infrared wavelengths [4] . For Raman spectroscopy, the sample was prepared by dropcasting the few-layer MoSe 2 solution on top of the silica wafers. Analysis was carried out using Renishaw via Raman Microscope. Excitation power of 3.5 mW with operating wavelength at 488 nm were used. The Raman spectrum of bulk MoSe 2 and few-layer MoSe 2 are shown in Fig. 2 . When compared to its bulk form, it is observed that a shift occurs in the A 1g (out of plane vibration) mode for few-layer MoSe 2 . This characteristic also confirms the exfoliation of few-layers of MoSe 2 [36, 37] .
Experimental setup
Polymer stripe waveguides were used in this work, where the core and cladding materials used were SU8-2010 photoresist. The undercladding SU8 was equally distributed onto the silicon wafer using a spin-coating machine, which is set to 2000 rpm. Using a hot plate, it was baked for 2 mins with temperature set to 83°C. After that, by using a multi-line mercury lamp, the SU8-coated silicon wafer was flood-exposed. This process was followed by the second baking of the SU8-coated silicon wafer for 40 s with temperature set at 83°C. Then, spincoating (using diluted SU-8 2010) of the core layer was done onto the under cladding layer. The core layer was diluted using cyclopentanone with a volume ratio of 7:3, in which 7 μm of SU8 coating thickness can be produced. The core layer was soft baked before undergoing photolithography patterning of straight waveguide channels. The region of the core layer exposed to UV irradiation will experience an increase in refractive index, thus creating stripe waveguides in the core layer, where only the topside of the waveguide is exposed to the surrounding. The sample was baked for a second time to stabilize the core layer.
Both the TE and TM polarization modes were measured by the fiber butt-coupling technique before and after the MoSe 2 -coating process on the waveguide channel. A polarization controller (PC) was used to control the polarization of the incident light in the launch fiber, while the polarization output of the MoSe 2 was measured by using the polarimeter (Thorlabs PAX 5710) in free space. The fiber was then coupled to the output, where the optical power meter (OPM) was utilized to measure the insertion loss and polarization dependent loss. Due to high sensitivity of the linear polarization state, extra handling precaution of the experimental setup is required. A small movement of the fibers or surrounding area vibrations can easily affect the linear polarization state. Before the coating of MoSe 2 , polarization dependent loss (PDL) was measured first for the uncoated polymer waveguide. The PDL value obtained was lower than 0.9 dB. Using a micropipette, 0.5 µl of MoSe 2 solution containing of MoSe 2 flakes was dropped onto the waveguide. The MoSe 2 droplet on the channel waveguide was dried on a hot plate at a temperature of 120°C for 1-hour. The entire coating process was carried out in cleanroom conditions. To obtain longer interaction length with the MoSe 2 coating, the same volume of MoSe 2 solution was dropped just next to the first coating along the straight waveguide channel, and this process was repeated to obtain a longer coating length. By using the DEKTAK D150 surface profiler we have performed the MoSe 2 -coated polymer channel waveguide surface mapping. Extra precaution was taken to ensure that the MoSe 2 spot was fully dried before the surface mapping operation takes place. This is to avoid the profiler from scratching out the MoSe 2 coating and damaging the waveguide sample.
The MoSe 2 waveguide polarizer is illustrated in Fig. 3(a) . The diameter for each coating is about 1.2 mm as shown in Fig. 3(b) . An illustration of the waveguide cross section is shown in Fig. 3(c) , where the top section of the waveguide core is exposed to allow interaction with coating materials. The number of MoSe 2 coating on a single channel waveguide will affect the extinction ratio of the proposed waveguide polarizer. The measurement of extinction ratio was taken at wavelengths of 980 nm, 1310 nm, 1480 nm and 1550 nm.
Results and discussions
The thickness and the diameter of the coating channel measured using surface profiler were about 24 µm and 1.2 mm respectively. Extinction ratio (ER) of the waveguide was measured at 980 nm and 1310 nm wavelengths for 3-4 spots of MoSe 2 coating , while 1-4 spots of MoSe 2 coated waveguides were measured at 1480 nm and 1550 nm. The light is coupled in and out of the waveguide using standard single mode fibers and optical power meter (OPM) is used to measure the maximum and minimum power of the output light when the PC at the input fibre was adjusted. Fig. 4(a) and (b) shows the ER for 3 and 4 spots of MoSe 2 coatings respectively. Referring to Fig. 4(a) , the highest ER value at 10.6 dB was measured at 1310 nm for 3 drops of MoSe 2 coatings. For 4 drops of MoSe 2 , the highest recorded ER was 14 dB at 1480 nm, as shown in Fig. 4(b) . Fig. 4(c) represents the 3 and 4 spots of MoSe 2 at 1310 and 1550 nm wavelength source with highest value of ER (11.1 dB) recorded at 1510 nm with 4 spots of MoSe 2 . The variation in extinction ratio is a result of different mode field distribution of light with different wavelengths. Longer wavelengths will have a larger mode field area in a waveguide. Therefore, the light field that interacts with the MoSe2 coating will also increases with wavelengths. Fig. 5 shows the infrared images for TE-and TM-modes outputs from a MoSe 2 coated waveguide channel when a 1550 nm laser was launched into the waveguide. The TM-polarization light shows a higher intensity compared to the TE-polarization light. Other than the lower intensity, the mode field distribution of TE-polarized light does not show significant changes compared to the output of TM-polarized light. This indicates that the polarization effect observed in MoSe 2 -coated waveguide is due to polarization-dependent absorption of light.
This means that the MoSe 2 based waveguide polarizer works as a TM-pass polarizer. In addition, differences in the intensity of orthogonally polarized light show the existence of extinction ratio when MoSe 2 was used as polarized material for the SU-8 channel waveguide. 
Conclusion
In summary, we have proposed and demonstrated the SU-8 polymer waveguide coated with MoSe 2 via a drop-casting method. The highest extinction ratio with 4 spots of MoSe 2 coating at wavelength of 1480 nm was recorded, with coating thickness of 24 µm and coating length of 1.2 mm. In conclusion, the number of MoSe 2 coatings affects the value of ER on the polarizer, and the ER of MoSe 2 coated waveguide is wavelength dependent. 
